Abstract-Sensitivity analysis and validation of the proposed refractive index estimation method with ground based atmospheric polarized radiance measurement data is conducted. Through the sensitivity analysis, it is found that Degree of Polarization: DP is highly dependent upon surface reflectance followed by imaginary and real part of refractive index and Junge parameter. DP at 550nm is greater than that at 870nm slightly. DP is decreased in accordance with increasing of real part and is increased with increasing of imaginary part while DP is increased with increasing of Junge parameter. It is also found that the peak of DP is appeared not only 90 degree of scattering angle but also at around 150 degree, in particular, when aerosol scattering is dominant. By using the aforementioned characteristics, it may be concluded that it is possible to estimate refractive index with ground based polarized radiance measurements
INTRODUCTION
The largest uncertainty in estimation of the effects of atmospheric aerosols on climate systems is from uncertainties in the determination of their microphysical properties, including the aerosol complex index of refraction that in turn determines their optical properties. The methods, which allow estimation of refractive indices, have being proposed so far [1] - [3] . Most of the methods use ground based direct, diffuse and aureole measurement data such as AERONET [4] and SKYNET [5] . The methodology for estimation of a complete set of vertically resolved aerosol size distribution and refractive index data, yielding the vertical distribution of aerosol optical properties required for the determination of aerosol-induced radiative flux changes is proposed [6] .
The method based on the optical constants determined from the radiative transfer models of the atmosphere is also proposed [7] . Laboratory based refractive indices estimation methods with spectral extinction measurements are proposed [8] , [9] . All these existing methods are based on radiance from the sun and the atmosphere. Ground based measuring instruments for solar direct, diffuse and aureole measurements are, in general, heavy and large. The method proposed here is based on the polarized radiance from the sun and the atmosphere that is measured with light and small measuring instrument. The method uses the fact that polarized radiance depends on aerosol refractive index, size distribution, molecule scattering, gaseous transmission, ozone and water vapor absorptions, etc. in the visible to near infrared wavelength region.
Through optical depth measurements with a variety of relatively transparent wavelength, it is possible to estimate size distribution, molecule scattering, gaseous transmission, ozone and water vapor absorptions, etc. so that refractive index might be estimated. In order to assess the estimation accuracy of refractive index with the proposed method, sensitivity analysis is conducted with a variety of parameters of the atmosphere.
The following section deals with the proposed method then Monte Carlo Ray Tracing: MCRT simulation is introduced followed by some experimental results on the sensitivity analysis.
II. PROPOSED METHOD
The method proposed here is based on the polarized radiance from the sun and the atmosphere that is measured with light and small measuring instrument. The method uses the fact that polarized radiance depends on aerosol refractive index, size distribution, molecule scattering, gaseous transmission, ozone and water vapor absorptions, etc. in the visible to near infrared wavelength region. Through optical depth measurements, total optical depth at the certain wavelength is known. Molecule scattering is a function of atmospheric pressure and the measured wavelength so that it is possible to estimate if the atmospheric pressure is measured. Ozone and water vapor absorption can be estimated with measured column ozone and water vapor. That is the same thing for gaseous transmission. Using MODTRAN or the other radiative transfer codes, it is estimated through a curve fitting with the measured optical depth at relatively transparent wavelength. Then aerosol optical depth is estimated.
Aerosol size distribution is also estimated under some assumption such that the distribution is followed with the power of law distribution like Junge distribution. Using measured optical depth, Angstrom exponent is calculated together with Junge parameter is calculated. The rest of atmospheric parameters, real and imaginary parts of refractive index are estimated with the measured p and s polarized www.ijacsa.thesai.org radiances from the atmosphere with the observation angle of perpendicular to the sun as shown in Figure 1 . Observation geometry of the proposed aerosol refractive index estimation with ground based polarized spectral radiance measurements.
III. SENSITIVITY ANALYSIS
Sensitivity on refractive index estimation, S is defined as follows,
where DP denotes deviation of degree of polarization and X denotes R: Real part of refractive index, I: imaginary part of refractive index and J: Junge parameter. Monte Carlo simulation with 50km by 50km by 50km of cell is used for sensitivity analysis. 100 million of photons are put into the cell with selected solar azimuth and zenith angles from the top of the atmosphere.
Optical depth of molecule and aerosol are given together with surface reflectance. Wavelength is set at 550 and 870nm as an example. p and s polarization of phase functions for aerosol and molecule are calculated a prior basis. Photon counter with ± 1 degree of aperture is set in the center of the bottom of the simulation cell with the observation angle of perpendicular to the sun. As a default value of real part of refractive index is set at 1.35 as an example, also 0.02 for imaginary part together with 2.6 for the Junge parameter. Real part is varied from 1.25 to 1.45 with 0.025 steps while imaginary part is changed from 0.005 to 0.03 with 0.005 steps together with Junge parameter ranges from 2.6 to 3.6 with 0.2 steps. Meanwhile surface reflectance is changed from 0 to 1 with 0.2 steps.
The irradiance from the atmosphere pointed at perpendicular to the sun is increased in accordance with real part of refractive index. P polarized irradiance is always greater than that of s polarized irradiance. Also the Figure shows the irradiance is increased with increasing of surface reflectance. Meanwhile, the irradiance is decreased in accordance with increasing imaginary part of refractive index. Figure 2 and 3 show irradiance at the wavelength of 870 nm. These trends are same for 550nm that are not shown here, though.
It is true that the p polarized irradiance is always greater than that of the s polarized one. Also the irradiance is decreasing with increasing surface reflectance always. As the matter of fact, high surface reflectance implies that scattering in the atmosphere is likely increased so that the irradiance is increased. It is assumed that the surface is flat and Lambertian so that p polarized irradiance is always greater than that of s polarized one. Also it is true that degree of polarization increases in accordance with imaginary part of refractive index and with Junge parameter while it decreases with increasing of real part of refractive index as is shown in Figure 2 . Trends of degree of polarization: DP with real and imaginary parts of refractive index and Junge parameter.
Using these relations, real and imaginary parts of refractive index can be estimated. Sensitivity that is defined with equation (1) then can be calculated. Figure 3 shows the sensitivities for influencing factors. www.ijacsa.thesai.org The estimated results of real and imaginary parts of refractive index based on the proposed method with measured data of p/s polarized irradiance on the ground show 1.3524 for real part while 0.01931 for imaginary part, respectively. Discrepancy between the actual (derived from skyradiometer data) and the estimated refractive index is 0.1745% for real part and 3.4278% for imaginary part of refractive index.
IV. VALIDATION
The proposed method is also validated through field campaigns. DP measured for field campaigns at Roach Lake (Nevada in U.S.A.) and Coyote Lake (California in U.S.A.) which were conducted on December 3 and 10 2008. The detailed conditions are listed in Table 2 .
Phase function of DP can be measured with MS-720 of which polarization filter is attached at the optics entrance [10] . Major specification and outlook of MS-720 manufactured by Eiko Co. Ltd. is shown in Table 3 and Figure 5 , respectively. Table 4 Figure 6 shows how Roach Lake and Coyote Lake looks like. These field campaigns are conducted under the not so bad weather condition with clear sky (partially clouded conditions as shown in Figure 7 of Terra/ASTER/VNIR images). As shown in Table 3 , 4, aerosol particle size of Roach Lake is greater than that of Coyote Lake. Also aerosol optical depth of Roach Lake is greater than that of Coyote Lake. Estimated phase functions of DP with the measured p and s polarized irradiance at the test sites of Roach Lake and Coyote Lake are shown in Figure 8 .
Comparison of Junge parameter and refractive index derived from skyradiometer data and DP data are also made. As shown in Table 5 , both Skyradiometer derived and the proposed DP measured atmospheric irradiance data derived Junge parameter, real part and imaginary parts of aerosol refractive indices are almost same. Therefore, the proposed method does work as same as skyradiometer based method for aerosol parameter estimations. Estimated phase functions of DP with the measured p and s polarized irradiance at the test sites of Roach Lake and Coyote Lake Through the sensitivity analysis, it is found that Degree of Polarization: DP is highly dependent upon surface reflectance followed by imaginary and real part of refractive index and Junge parameter. DP at 550nm is greater than that at 870nm slightly. DP is decreased in accordance with increasing of real part and is increased with increasing of imaginary part while www.ijacsa.thesai.org DP is increased with increasing of Junge parameter. It is also found that the peak of DP is appeared not only 90 degree of scattering angle but also at around 150 degree, in particular, when aerosol scattering is dominant.
By using the aforementioned characteristics, it may be concluded that it is possible to estimate refractive index with ground based polarized radiance measurements ACKNOWLEDGMENT The author would like to thank Ms. Yui Nishimura for her contributions for conducting experiments.
